Synthetic calcite (CaCO 3 ) particles are found in a broad range of applications. The geometry of particles produced from limestone or precipitation are versatile but limited to basic shapes. The microalga Emiliania huxleyi produces micro-structured calcite platelets, called coccoliths. This article presents the results of an applicationorientated study, which includes characteristic values also used in the calcite industry for particle evaluation. It is demonstrated that coccoliths are significantly different from all industrial particles produced so far. Coccoliths are porous particles, mainly consisted of calcium carbonate, with further elements such as Mg, Si, Sr, and Fe often embedded in their structure. Their structure is extremely sophisticated, while the overall particle morphology and particle size distribution are homogeneous. This study gives a first inside into the potential of these exceptional objects and may set further impulses for their utilization in specific calcite particle applications.
is referred to as coccosphere. The unique structure of E. huxleyi coccoliths derives from controlled crystal growth inside the cell and cannot be reproduced by comminution or precipitation of calcite.
It is known that coccoliths possess certain interesting chemical and physical properties. For example, coccoliths are more robust in calcium-free saline solutions and pure water than comparable inorganic calcite particles [9] . Specialized solid-state NMR technologies demonstrated the presence of P-and N-residues, which are internally integrated into the coccolith crystals [10] . Despite the incorporation of these residues into the dense crystal lattice, there is no detectable disruption of the chemical or electronic structure. The only measurable effect is a slight decrease in crystal rigidity. Illumination of coccoliths from the side leads to a dynamic change in structural color, when a magnetic field of 0T and 5T is applied at the same time [11] . This effect is probably caused by an alteration of the inclination angle. Furthermore, it has been suggested that ethanol can build highly organized structures on the coccolith surface [12] .
Since there is in-depth knowledge about coccolith microstructure and some studies about single physical and chemical properties, it is not surprising that there also has been speculation about potential applications. Suggestions include all sectors of conventional PCC and GCC applications such as bulk products like carrier material for paints-and lacquers, fillers for tablets, adhesives, and even cements. Also high tech-applications such as semiconductors, lasers, optics, liquid displays, ultra-fine surface modification, high-quality photo papers, and self-cleaning surfaces were already proposed in the past [13] . Unfortunately, there have not been many applications that passed the stage of a rudimentary idea. Takano et al. demonstrated the immobilization of glucose oxidase and uricase onto the coccolith surface over 20 years ago [14] . But, as many others, the idea has not been pursued further. What are the reasons for the limited research of coccolith usage in specific applications although there are already various ideas proposed, particularly within the PCC sector? The principal reason is probably the lack of available material quantities. Even for standard methods such as the determination of color values, which is standard for the characterization in the calcite particle industry, several grams of contamination-free particles are necessary for one measurement.
Although it seems likely to collect coccoliths from their natural environment, it is not feasible. Even during algae blooms, the concentration of coccoliths is usually lower than 1 mg/L and samples are mixed with particles from other strains or species [15] . Furthermore, shipping for marine collection is cost-intensive and the occurrence of certain strains of E. huxleyi cannot be reliably predicted. Therefore, coccolith morphology and quality can differ substantially.
E. huxleyi can be cultivated in principal in the lab, where it also produces coccoliths [13] . However, until now, there was no reported process, which yields coccoliths in high concentration. This is probably due to the fact that most research on E. huxleyi traditionally concentrates on bioecological questions. In this regard, the cultivation environments are designed to resemble natural habitats rather than support a coccolith production. Furthermore, it has been reported that coccoliths from cultivation are often malformed or partially destroyed, which may be caused by turbulence or potential toxic influence of the cultivation vessel [16] . However, just recently the development of a functioning process, which delivers more than 5 g/L of coccoliths, was finally achieved [17] . Although adequate quantity is the first requirement to perform material-intensive measurements, more prerequisites have to be fulfilled in advance. First, the coccoliths have to be purified from all contaminants like cell debris and salts, prior to investigation. Secondly, the coccoliths have to remain intact during cultivation and purification.
This study uses coccoliths from cultivation, which are purified and subsequently analyzed with methods that are commonly used for industrial PCC and GCC characterization. The results might help to overcome speculation and encourage the assessment of coccoliths for suitable specific applications in the future.
Materials and methods

Purification of coccoliths
Coccoliths of strain E. huxleyi RCC 1216 were obtained from the Institute of Process Engineering in Life-Sciences, Section III Bioprocess Engineering (Karlsruhe Institute of Technology), in form of culture broth in 5 L glass flasks. The coccolith concentration in the culture was approximately 1.5 g/L. For basic cell disruption, the culture broth was placed inside an incubator at 80°C for at least 48 hours. During incubation coccoliths, and bigger cell fragments settled down to the bottom of the vessel. About 90% of the supernatant was subsequently removed by using a peristaltic pump (Ismatec, IPS-16). The remaining supernatant was suspended with the coccolith sediment, divided into 40 mL units and filled into 50 mL reaction tubes. The suspensions were centrifuged at 8.000× g for 10 minutes at 4°C (Hettich, Rotina 420R). The supernatant was then carefully removed with a pipette precisely until the 10 mL marking. The pellet was suspended with the remaining supernatant by using a vortex. For further disruption and removal of cell fragments 3.3 mL of 12% NaOCl was mixed into the suspension and incubated for 15 minutes. The reaction tube was subsequently filled up with a 6 mM NaHCO 3 solution up to the 40 mL marking.
The washing procedure was initiated with a centrifugation step at 1.500× g for 6 minutes at 4°C. The supernatant was subsequently removed until the 10 mL mark. The coccoliths were suspended and subsequently filled up with fresh 6 mM NaHCO 3 solution. The washing procedure was repeated at least four times until the salinity in the suspension was decreased less than 0.2. The final suspension was checked with a light microscope (Zeiss, Axio Scope) to ensure the absence of cell fragments and coccolith agglomerates. It was subsequently centrifuged at 1.500× g for 6 minutes at 4°C and the supernatant was completely removed with a pipette. The pellet was then dried at 80°C for at least 24 hours before analysis.
Coccolith analysis
The white level determination (compared to MgO) was conducted spectrophotometrically (Minolta, CM-3610d). The proportion of organic material and CaCO 3 was detected thermogravimetrically by using a simultaneous thermal analyzer (Netzsch TG 209F1). The analysis was carried out under nitrogen atmosphere in the range between 20 and 1000°C and a heating range of 5K/min. Qualitative phase analysis (XRD, X-ray diffraction) was performed with an X-ray diffractometer (Bragg-Brentano-Diffraktometer, D8 Advance von Bruker AXS). Brunauer-Emmett-Teller (BET) method was used for the determination of the specific surface area (Quantachrome, Quadrasorb SI). Pore size distribution was measured with the same instrument by applying the nitrogen-adsorption-desorptionmethod (BJH method). Prior to the measurement, samples were degassed for at least 24 hours at 130°C by using a flow degasser. Sample density was measured by using a gas pycnometer (Micromeritics Multivolume Pycnometer 1305). The measurements were performed using Helium. Chemical composition analysis was conducted by using X-ray fluorescence spectroscopy (Axios SST mAX, PANalytical). Melt compounds with lithiumtetraborate for measurements were prepared with a fusion machine (HAG 12/1500, Herzog). For a further analysis of any organic matter present in the sample a Fourier transform infrared spectroscopy of the sample was necessary (FT-IRSpektrometer Nicolet 6700). Particle size distribution was determined with laser diffraction (Sympatec, Laser diffraction sensor HELOS/KR). The sample was placed in an ultrasonic bath (0, 60, 120, 180 s) prior to the measure to achieve better distribution. A 0.1% tetrasodium pyrophosphate decahydrate was used as the dispersion liquid. The results were evaluated by using the FREE Fraunhofer theory and the theoretical density of calcite (2.71 g . cm −3 ). As a second method, sedigraphy (Micromeretics, 5100) was used to measure the equivalence Stokes diameter of the particles. A 0.1% sodium polyphosphate solution was used for dispersion. Similar to the laser diffraction analysis the theoretical density was used to evaluate the results. Scanning electron microscopy pictures were taken with a high voltage electron microscope (Zeiss, DSM 962) at 15 kv. Samples were sputtered with a gold-palladium layer prior to measurement. Figure 1 shows scanning electron microscopy pictures of the purified coccoliths. Observation with lower magnification (A) shows that the particles are complete, homogeneous in overall size and shape and free of coccolith agglomerates. Higher magnification (B) reveals particle homogeneity regarding internal micro-structures within the upper distal shield elements and the central tube.
Results
Coccolith appearance: Morphology, integrity, and color
The sophisticated crystal units in the central area of each coccolith and the double-disk form are sharp and clearly visible. The distal shield and the central tunnel element both exhibit gaps with a length of up to one micrometer. The particle edges appear smooth and undamaged, free of particle agglomerates and no contaminants such as cell debris and salt crystals were found in the suspension. The employed purification method is therefore suitable to provide efficient separation and cleaning of intact coccoliths from culture broth without causing any visible damage.
In comparison to coccoliths, PCC particles exhibit a very broad size distribution and although they are basically homogeneous, they are rather simple, a feature common to all industrially PCC particle variants.
When dried, coccoliths are a white, solid powder. A slight yellow shade, although hardly recognizable with the eye, was detected with color value analysis ( Table 1) .
The relative deviation from the white value of MgO, which is considered "absolute white," suggests the presence of components other than calcium carbonate in coccoliths.
Coccolith size distribution
In order to confirm the visually observed homogeneity shown in the electron microscopy pictures, the coccoliths were further analyzed with laser diffraction and sedigraphy. The two methods presented here rely on different principles and offer a broader study of the particles size. For the laser diffraction method the size of the particles derives from the intensity of the light that is being scattered on a surface, whereas sedigraphy deals with the settling velocities of particles in a known liquid. The measured equivalence diameter was mainly distributed between 0.7 Figure 2 gives the cumulative finer mass percent plotted against the average diameter and the results of four size distribution measurements with laser diffraction spectrometry. In order to break any agglomerates and disperse the material efficiently, ultrasonication was used. As can be seen in Fig. 2 , three different intensities of ultrasonication were used and compared with the results of the first method were no ultrasound was applied. As expected, the measured coccoliths diameter was influenced by the ultrasound treatment and led to smaller detected particles. Although three different intensities where used, Fig. 2 verifies that the treatment for 60 s is sufficient for the sample and no further alterations are detected by increasing the duration of the treatment. There are some smaller particles detected with this analysis (x 16 = 1.09 μm), though it is difficult to know if this result reflects to broken particles or if it represents the percentage of particles that are alight infront of the laser in such a way that smaller particles are assumed to be in the sample.
The results from both methods are given in Table 2 . Based on the results of the laser diffraction analysis 50% of the particles have a diameter smaller than 3.11 μm and 84% of the particles are equal or smaller than 12.67 μm. Both measurements only represent a first insight of the particles size.
Coccolith pore structure
Besides the grooves, which are part of the particle microstructure (Fig. 1B) , the material itself exhibits mesopores in the range of 4 nm and a total pore volume of 0.05 cm³ . g −1 ( Table  3 ). The pore volume and area distribution were obtained from the BJH method proposed by Barrett et al. [18] , by analyzing the nitrogen desorption isotherms. The overall geometry resulted The powder density was measured with a gas pycnometer.
in a specific surface area of 19 m² . g −1 , measured with the BET method [19] . This method is widely used for determining the specific surface area of solid materials. The powder density was measured at 2.6 g . cm −3 with a gas pycnometer. This is slightly lower than the density of pure calcite, which is 2.715 g . cm −3 .
Chemical composition and crystal structure
Both, the yellowish coloration and the difference between coccolith density and calcite density indicate the presence of matter other than calcite in coccoliths. This presumption could be confirmed with a material composition analysis. As coccoliths are biocomposites, the presence of organic material was anticipated before measurement. However, it was not clear to which amount it would remain in and on the surface of the coccolith after purification, especially after sodium hypochlorite treatment. Thermogravimetry showed that the proportion of organic material was approximately 4%, whereas the coccolith consisted of 87% calcium carbonate (Fig. 3) . The remaining 9% showed to be primarily Mg and Si residues (Table 4) . Other elements like Fe, Al, P, Mn, and Sr were also found in minor proportions. XRD-analysis revealed that calcite and aragonite are the two crystal modifications of calcium carbonate that are present in coccoliths (Fig. 4) . Halite could not be detected, which again demonstrates, that all salt from the cultivation medium was removed with the chosen purification method.
The crystalline size of calcite from the Peak-Profile analysis with the Pawley-Fit method was measured at 153 nm and for Aragonite at 68.4 nm. probably represents a C-O stretch whereas the three peak signals between 2800 and 3000 cm −1 represent a C-H stretching. Traces of hydrocarbons are detected in the sample (Fig. 5) and, as expected, the organic portion is found to be relatively low, which verifies the results of the other measurements. Further functional groups were not detected in the sample.
Discussion
Chemical composition and crystal structure
The characterization of coccoliths from the lab-cultured strain E. huxleyi RCC1216 were performed with methods popular for PCC and GCC characterization. The form and composition of the particles, allows only some of the executed methods to be optimal for coccoliths. This is obvious in the case of particle size distribution. Both methods, sedigraphy and laser diffraction spectrometry demonstrated very narrowly distributed values for coccoliths. This result was not surprising, as the coccoliths showed to be intact in the electron micrographs. Natural deviations in coccolith size are small and are only due to different cell sizes, which depend on the cell cycle. However, we believe that both methods fail to deliver a precise picture of size distribution. As already mentioned, sedigraphy measures the sinking velocity of particles from which the diameter of an equivalent spherical body is calculated according to Stokes' law. However, the double-disk shaped coccoliths are nonspherical. It is not possibly to recalculate coccolith diameter from this data because we lack information about the calcification density of each particle, such as thickness or length of the individual particle crystals. The same challenge would have to be faced with electrical sensing zone techniques like the Coulter principle, which is also popular for particle size determination. For the laser diffraction method particle size determination is based on the theory that particles scatter light at various angles and intensities relative to their particle size. Small particles will scatter light at wider angles than larger particles. Once the scattering pattern is measured, a particle size distribution is calculated using theoretical models as defined by the Fraunhofer Theory. For this sample, the particle size and the lack of concrete information are enough reasons to choose the Fraunhofer evaluation method. By applying the Mie theory the error of the results would be more evident. Similar to sedigraphy, particle size resembles diameter of a sphere, which would scatter light at the same angle and intensities. This depends on the orientation of the particle when analyzed. However, nonspherical particles like coccoliths will scatter light depending on their orientation in front of the light sensor. The laser can theoretically hit a coccolith at the distal shield, the proximal shield or even at the central tunnel element. Although it was shown that in most systems, the flow is very laminar and therefore very homogeneous for singular particles [20] , our results suggest that it is difficult to ensure perfect dispersion in the case of coccoliths. Due to their double-disk shape coccoliths tend to align themselves together, similar to their natural junction on the algal surface, which can impede the flow through the cell. Additionally, there can be measuring inaccuracies due to the sharp edges of the coccolith shields. Detection of imaginary particles at sharp edges is possible because of the large angles the instrument laser makes upon them [21] . Although the chosen methods are insufficient to measure a coccolith size distribution as precise as for PCC, they provide useful information about their homogeneity. Traditional methods for marine sediment characterization include sieve analysis and size determination by manual measuring of electron micrographs [22] , which are both very error-prone and laborious. In this regard, methods like computational image analysis should be developed for coccoliths in order to determine realistic quantitative size distributions. Interestingly, a technique to determine coccolith thickness was also just recently published and could strongly support an efficient characterization and quality control of produced coccoliths [23] .
Potential field of application
Although the use of coccoliths in industrial application is still at the stage of idea gathering, the results of this study can illustrate the constraints of some suggestions or even expose them as fully unsuitable. Other fields of applications are more promising. Pharmaceutical applications, for example tablets, require highpurity calcium carbonate. It is obvious why biogenic calcite is an inappropriate choice in this case. The coccoliths produced in the lab showed to be a composite material of organic matter, calcium carbonate, and various other elements. All these elements are part of the cultivation medium, which approximates the composition of natural seawater. It is therefore comprehensible that Si-and Mg-residues are the second most abundant elements besides calcium, because they are also present in the medium in relatively large stoichiometric quantities. However, not all applications in the medical sectors must necessarily be excluded, in some cases coccolith material composition could even be an advantage. In medical implants biominerals have benefits compared to metals, because they better resemble the human bone material and possess favorable sound conduction properties [24] . Therefore ideas that include the application of coccoliths in biomedical applications like artificial dental roots and artificial bone material [25] should definitely be pursued further.
Analyses revealed that coccoliths are porous with pores in the micrometer and nanometer range. High porosity is a key factor, which brings about good absorption capacity [26] . In the future it will therefore be interesting to investigate their potential as substrate for paint-or lacquer coat or filler in adhesives or materials with enhanced porosity. Porosity is also an important factor within material science, for example the use in optically active surfaces or the design of new hybrid materials in conjunction with (bio-) polymers. Also the research about enzyme binding on coccoliths conducted by Takano et al. [14] should definitely be followed up and also the immobilization of biopolymers or of inorganic catalysts is a realistic attempt. Despite that PCC particles with similar porosity exist on the market, there are no particles known yet with similar porosity and size distribution.
However, this study was determined with coccoliths that derived from algal cells of a single cultivation in basic artificial seawater. We know that E. huxleyi can easily be cultivated in modified medium, such as Si-free medium, with similar coccolith production rates (unpublished results). Hence, we suggest that the elemental composition of coccoliths is influenceable by cultivation conditions. In the case of some elements like Si, this may result in a change of mechanical properties like abrasiveness. There are also elements that influence color, for example iron or other transition metals like copper. A reduction or increase of those metals could increase the white value of the coccoliths and make them more suitable for the use as pigments in paint. Combined with the birefringent properties of calcite this may lead to interesting gloss properties of the treated surfaces.
Concluding remarks
Although many ideas for the industrial application of coccoliths were proposed in the past, a lack of sufficient material quantities impeded any further steps toward a realization. In this study, we successfully analyzed lab produced coccoliths with standard methods of the calcium carbonate particle industry. Although gathered outside nature, these coccoliths showed to be structurally intact and homogeneous. They are not solely build of solid calcite crystals and organic surface matter but can be described as a porous biocomposite with a complex composition of various elements, which are also found in the cultivation medium. Compared to all known PCC or GCC particles, this makes them unique not only on a structural but also on a chemical level and suggests future potential for the targeted design of coccolith composition within bioprocess engineering. Although coccoliths showed to be different to all commercial calcite particles, which are producible by technical means, the characterization makes it now easier to assess the potential of some suggested ideas. This might finally encourage the start or resumption of further specialized research on a concrete application for coccoliths.
Practical application
The main goal of this research is to analyze some of the properties of coccoliths, a porous biocomposite material with a complex composition of various elements. Compared to all known PCC or GCC particles, they are unique with a distinct structure and a promising usage potential. Through bioprocess engineering the particles could be used for various applications and designs of coccoliths targeted compositions could be achieved. Many other ideas for the usage of coccoliths were proposed in the past, but a lack of sufficient material quantities impeded any further steps toward a realization. Although coccoliths showed to be different to all commercial calcite particles, which are produced by technical means, the characterization makes it now easier to assess the potential of some of the suggested ideas. With this study we hope to encourage the start or resumption of further specialized research on a concrete application for coccoliths.
